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An  aqueous  corrosion  reaction  can  be  described  by  one  or  more  cathodic  and  anodic  partial 
reactions.  The  anodic  reaction  is  metal  dissolution  which  can  be  represented  by 

M^MT'  +  ne  (1) 


The  cathodic  reaction  consumes  the  electrons  liberated  from  the  anodic  reaction.  In  aqueous 
corrosion  there  are  two  major  cathodic  reactions,  the  hydrogen  evolution  reaction  (HER)  and  the 
oxygen  reduction  reaction.  The  HER  can  be  represented  by  the  following  set  of  equations: 


H"  +  e  +  M^M-H,,, 

(2) 

M-H,,3  +  M-H,,,^2M  +  H, 

(3) 

and  the  oxygen  reduction  reaction  by 

O2  +  2e  +  2H2O  ^  40H 

(4) 

The  deterioration  of  the  mechanical  properties  of  the  metallic  stmcture  is  not  only  due  to  the 
dissolution  of  the  metal  according  to  Reaction  (1)  but  also  due  to  the  absorption  of  hydrogen  into 
the  metallic  lattice  as  a  result  of  the  HER.  The  absorption  reaction  is  represented  by 

M-H,,,  M-H,^  (5) 

This  absorbed  hydrogen  accumulates  in  the  metallic  lattice  at  regions  of  high  stress  triaxiallity  such 
as  dislocations,  inclusions  and  microcracks.  Eventually,  the  metallic  structure  will  suffer  from  the 
well  known  hydrogen  embrittlement  phenomenon  and  as  a  result,  a  catastrophic  failure  will  occur. 

Separation  of  the  anodic  and  cathodic  reactions  occurs  in  localized  corrosion,  anodic 
reaction  inside  and  cathodic  reaction  outside  of  the  cavity,  which  introduces  other 
features/complications:  IR  drops,  solution  composition  changes,  salt  films,  and  solid  and  gaseous 
corrosion  products.  The  formation  of  biofilms  on  metal  surfaces  can  create  these  same  conditions. 

Microbiologically  influenced  corrosion  (MIC),  though  not  fundamentally  different  than 
other  types  of  localized  corrosion,  introduces  additional  features  as  a  result  of  the  metabolism  of 
the  organisms.  By  attaching  themselves  to  metal  surfaces,  the  organisms  form  discrete  deposits  or 
uniform  biofilms  and  their  end  products  cause  corrosion  or  accelerate  existing  corrosion  processes. 
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For  example,  an  end  product  of  sulfate  reducing  bacteria  (SRB)  is  sulfide.  The  biofilm  provides 
an  intimate  contact  between  the  SRB,  sulfide  (H2S,  HS'  or  S=  depending  on  the  pH)  and  the  steel 
surface.  The  anodic  reaction  then  produces  iron  sulfide, 

Fe  +  S”  — >  FeS  +  2e  (6) 

and  the  overall  reaction  can  be  represented  as 

Fe  +  H2S  — ^  FeS  +  H2  (7) 

in  the  confines  of  the  biofilm,  or  the  cathodic  reaction  can  be  reduction  of  an  oxidant  (e.g.,  oxygen 
via  Reaction  4)  operating  outside  of  the  anaerobic  biofilm  interface  (analogous  to  outside  of  a 
crevice).  The  corrosiveness  of  the  sulfide  is  related  to  its  concentration,  the  pH  and  the  nature  of 
the  iron  sulfide  film  that  forms  on  the  steel  surface  (varying  from  rather  protective  to  non- 
protective).  Important  characteristics  of  the  iron  sulfide  film  are  its  good  electronic  conductivity, 
low  overvoltage  for  hydrogen  evolution,  noble  electrode  potential  relative  to  iron  and  defect 
structure. 

The  objective  of  this  research  is  to  define  the  conditions  under  which  pollutants,  including 
those  produced  by  bacteria  such  as  the  sulfide  end  product  of  the  SRB,  affect  the  amount  of 
hydrogen  absorbed  by  iron/steel  during  open  circuit  corrosion  and  under  cathodic  polarization 
conditions.  At  the  same  time,  we  will  be  investigating  protective  measures  including  the 
development  of  improved  inhibitors  that  will  work  under  occluded  conditions  as  exist  during  MIC 
and  localized  corrosion  in  general. 


EXPERIMENTAL 

The  samples  are  high  purity  iron  membranes  of  thickness  0.25  mm.  They  are  polished  to 
0. 1  (xm  alumina,  degreased  in  acetone  and  rinsed  with  double  distilled  water.  Then,  they  are 
annealed  in  pure  hydrogen  at  900°C  for  24  hours  and  cooled  in  the  same  atmosphere.  The 
hydrogen  permeation  cell  developed  by  Devanathan  and  Stakurski  is  being  used  to  measure  the 
hydrogen  absorbed  in  the  membrane  with  time.  The  cell  is  composed  of  two  compartments. 
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between  which  the  iron  membrane  is  placed  to  serve  as  a  bielectrode,  see  fig.  1.  On  one  side  of  the 
membrane  a  solution  of  know  pH  contacts  the  membrane  and  a  cathodic  current  is  applied  to 
reduce  hydrogen  on  it.  Part  of  this  hydrogen  will  evolve  as  molecular  hydrogen  gas  through 
Reaction  3,  while  the  rest  will  go  into  the  membrane  as  absorbed  hydrogen.  This  absorbed 
hydrogen  diffuses  to  the  other  side  of  the  membrane  where  an  anodic  potential  of  0. 15  mV  vs 
Hg/HgO  is  applied  to  oxidize  all  the  hydrogen  arriving  at  this  surface  of  the  membrane.  This 
oxidation  current  is  referred  to  as  the  hydrogen  permeation  current.  The  permeation  current  is 
measured  continuously  during  the  experiment.  These  resulting  permeation  transients  are  being 
obtained  for  different  cathodic  charging  currents  and  different  concentrations  of  the  inhibitors 
added  to  the  charging  solution  in  the  cathodic  compartment  of  the  permeation  cell. 

RESULTS 

Results  were  obtained  on  the  project  during  the  past  year  on  the  following  topics: 

1.  Role  of  aggressive  ions:  sulfide  and  chloride. 

Some  preliminary  results  have  been  obtained  which  show  that  sulfide  ion  (as  HS'  and  S°  in 
alkaline  and  HjS  in  acid  solutions)  promotes  hydrogen  absorption  into  iron  under  cathodic 
polarization  conditions.  These  experiments  are  continuing  and  will  include  characterization  of  FeS 
films  on  the  membrane  surface.  Figure  2  shows  some  typical  results. 

We  have  recently  also  found  that  chloride  ions  reduce  the  overpotential  for  the  HER  on  an 
iron  surface  in  both  acid  and  alkaline  solutions  at  23°C,  and  in  turn,  reduce  the  hydrogen  coverage 
and  permeation  of  hydrogen.  The  effects  on  permeation  are  more  pronounced  in  alkaline  than  in 
acid  solutions.  Permeation  transients  at  constant  electrode  potential  of  the  charging  surface  and 
subsequent  surface  analyses  of  the  uppermost  atom  layers  of  the  hydrogen  charged  iron  surface 
indicate  (i)  either  a  reversible  or  low  coverage  with  Cf  ions,  (ii)  a  low  hydrogen  coverage  which  is 
not  influenced  significantly  by  Cl'  ion  concentration  at  low  overpotentials,  and  (iii)  a  marked  effect 
of  Cr  ions  on  reducing  the  hydrogen  coverage  of  the  surface  and  the  permeability  in  alkaline 
solutions  at  high  cathodic  polarizations.  Since  Cl'  and  S"  ions  are  common  ingredients  of  MIC 
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involving  SRB,  additional  hydrogen  permeation  experiments  will  be  conducted  and  hydrogen  gas 
formation  studies  will  be  performed  under  occluded  cell  conditions  with  and  without  sulfide  films 
on  the  surface. 

2.  Effect  of  benzotriazole  on  hydrogen  absorption. 

Benzotriazole  (BTA)  has  been  used  to  inhibit  the  hydrogen  absorption  and  evolution 
reaction  by  iron  in  acidic  sulfate  solution  of  pH  1.7.  The  results  showed  that  BTA  acts  as  an 
inhibitor  for  both  reactions  in  broad  agreement  with  the  early  literature.  The  mechanism  by  which 
BTA  inhibits  the  hydrogen  uptake  by  iron  was  attributed  to  a  possible  decrease  in  the  discharge  rate 
constant  of  the  HER,  and  increase  in  the  rate  constant  for  the  recombination  reaction  of  the  HER 
and/or  a  decrease  in  the  absorption/desorption  equilibrium  constant  for  the  absorption  reaction.  A 
brief  account  of  this  work  is  described  in  the  attached  paper:  M.  H.  Abd  Elhamid,  B.  G.  Ateya  and 
H.  W.  Pickering,  J.  Electrochemical  Soc.,  144(4),  L58,  1997. 

3.  Effect  of  adding  iodide  to  BTA  on  the  hydrogen  absorption  reaction. 

Iodide  ions  are  known  to  work  synergetically  with  BTA  to  inhibit  the  general  corrosion  of 
copper.  Furthermore,  the  addition  of  iodide  to  some  organic  compounds  was  found  to  improve  the 
inhibitive  properties  of  such  compounds  towards  the  hydrogen  absorption  reaction  on  iron.  This  is 
in  contrast  to  the  effect  of  iodide  by  itself  on  the  hydrogen  absorption  reaction  of  iron  for  which 
iodide  is  known  to  enhance  the  hydrogen  absorption  reaction.  Thus,  it  was  thought  that  iodide 
ions  might  work  synergistically  with  BTA  to  inhibit  the  hydrogen  absorption  reaction  on  iron. 
Results  obtained,  however,  show  that  the  addition  of  iodide  ions  to  a  10  mM  solution  of  BTA 
enhances,  rather  than  inhibits,  the  hydrogen  absorption  reaction  on  iron.  Fig.  3  shows  the  effect 
of  adding  iodide  to  the  BTA  solution  on  the  hydrogen  permeation  transients  obtained  at  different 
cathodic  charging  currents. 

4.  Effect  of  adding  Cu^^  to  BTA  on  the  hydrogen  absorption  and  evolution  reactions  on  iron. 

Recently,  there  has  been  some  work  in  the  literature  showing  the  inhibitive  properties  of  a 
mixture  of  BTA  and  Cu2+  ions  on  the  corrosion  of  cobalt.  The  mixture  inhibits  the  corrosion  of 
cobalt  better  than  BTA  by  itself.  The  improved  inhibiting  performance  was  attributed  to  the 
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formation  of  a  Cu^/BTA  complex  on  the  cobalt  surface.  Tests  are  underway  to  test  for  the  effect  of 
adding  Cu^*  ions  to  BTA  on  the  hydrogen  absorption  and  evolution  reaction  on  iron.  Fig.  4  shows 
several  permeation  transients  obtained  in  the  presence  of  10  mM  BTA  and  different  concentrations 
of  Cu^*  ions,  0.01  mM  and  0.1  mM.  Fig.  4  reveals  that  the  addition  of  0.01  mM  Cu^"^  to  the  BTA 
solutions  decreases  the  permeation  current.  Further  decrease  was  obtained  in  the  presence  of  0.1 
mM  Cu^"^  ions.  Fig.  5  shows  Tafel  plots  obtained  in  the  presence  of  BTA  at  different 
concentrations  of  the  Cu^*  ions  and  reveals  that  the  addition  of  ions  to  the  BTA  solution  also 
increases  the  effectiveness  of  BTA  towards  inhibiting  the  HER.  This  can  be  recognized  by  the 
increase  in  the  cathodic  potential  at  the  same  cathodic  current  after  adding  the  Cu^""  ions,  to  the  10 
mM  BTA  solution.  Further  proof  for  the  effect  of  the  Cu^""  ions  on  the  effectiveness  of  BTA 
towards  the  hydrogen  absorption  and  evolution  reactions  on  iron  can  be  seen  in  Fig.  6.  It  shows 
the  relation  between  the  steady  state  permeation  current  and  the  cathodic  potential  at  different 
charging  solution  compositions,  blank,  10  mM  BTA,  10  mM  BTA  +  0.01  mM  Cu^*  and  10  mM 
BTA  +  0.1  mM  Cu^"^  ions.  At  -0.7V  (SCE)  the  steady  state  permeation  current  decreases  by  an 
order  of  magnitude  from  that  for  the  blank  solution  after  adding  0.01  mM  Cu^"^  to  the  BTA 
solution.  A  further  decrease  was  achieved  in  the  presence  of  0.1  mM  Cu^'^  ions.  The  same  effect 
for  the  copper  ions  on  the  effectiveness  of  BTA  towards  the  hydrogen  absorption  reaction  was 
obtained  when  the  sample  was  left  in  contact  with  the  charging  solution  at  the  open  circuit 
potential,  see  Fig.  7. 

This  effect  of  Cu^"^  ions  could  be  understood  in  the  light  of  the  formation  of  a  Cu^/BTA  film 
on  the  iron  surface.  This  film  will  interfere  with  the  HER  by  decreasing  the  rate  of  its  discharge 
reaction.  Equation  (2),  or  by  decreasing  the  rate  of  the  hydrogen  absorption  reaction  represented  by 
Equation  (5).  Alternatively,  the  same  effect  could  be  obtained  if  Cu  atoms  are  deposited  on  the 
surface  of  the  iron  membrane  since  Cu  is  a  fee  metal  which  has  a  low  diffusivity  for  hydrogen. 
Experiments  with  Cu^"^  ions  in  the  absence  of  BTA,  however,  reveals  that  the  deposition  of  Cu  on 
the  iron  surface  cannot  account  for  the  decrease  in  the  steady  state  permeation  current  achieved  with 
Cu^""  ions  in  the  presence  of  BTA,  see  Fig.  8.  Accordingly,  the  Cu^^  ions  work  synergistically 
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with  BTA  to  inhibit  the  hydrogen  absorption  reaction  on  iron  either  by  the  formation  of  a  complex 
film  on  the  iron  surface  or  by  the  absorption  of  BTA  on  the  deposited  copper  atoms  on  the  iron 
surface  which  also  might  lead  to  the  same  complex  film.  Further  experiments  will  be  carried  out  to 
unravel  the  mechanism  by  which  the  Cu^"^  ions  increase  the  effectiveness  of  BTA  towards 
inhibiting  the  HER  and  the  hydrogen  absorption  reaction  on  iron.  The  ions  of  other  metals,  in 
particular  Zn^"^,  will  be  similarly  evaluated. 
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Fig.l  Schematic  illustration  of  the  electrochemical  permeation  cell. 
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Hydrogen  permeation  transients  obtained  at  different  charging  solution  compositions 
on  iron  at  a  cathodic  current  density  of  1.25  mA  cm'^. 
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Figure  5.  Tafel  plots  obtained  at  different  charging  solution  compositions. 
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Figure  6.  The  relation  between  the  cathodic  potential  at  the  charging  side  of  an  iron  membrane 
and  the  steady  state  permeation  current  at  different  charging  solution  compositions. 
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Figure  7.  Permeation  transients  obtained  on  an  iron  membrane  at  different  charging  solution 
compositions  with  the  membrane  left  at  the  open  circuit  potential. 
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Figure  8.  Permeation  transients  obtained  on  an  iron  membrane  at  different  charging  solution 
compositions  on  an  iron  membrane  at  a  cathodic  current  density  of  1.25  mA  cm'^. 
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Introduction 

The  absorption  of  hydrogen  In  metals  and  alloys  Is  a  precursor 
to  hydrogen  embrittlement,  the  deterioration  of  the  materials 
mechanical  properties,  and  failure  by  crack  propagation.’-®  The 
problem  is  hardly  avoidable  since  hydrogen  enters  metals  and 
a  loys  from  many  sources,  e.g.,  corrosion,  acid  pickling,  electro¬ 
plating,  welding,  cathodic  protection.  In  aqueous  environments 
the  introduction  of  hydrogen  within  the  metal  or  the  alloy  occurs 
during  the  hydrogen  evolution  reaction  (HER).®®  There  are  two 
generally  accepted  mechanisms  for  this  reaction®®'  the  dis- 
charge-Tafel  recombination 


H‘  +  e  [1j 

-♦  H2  [2] 

and  the  discharge-electrochemical  desorption  which  begins  with 
reaction  1  followed  by 


+  H"  +  e 


13] 


where  refers  to  a  nascent  hydrogen  atom  adsorbed  on  the 
rnetal  surface.  The  major  part  of  this  adsorbed  hydrogen  reacts  to 
give  hydrogen  molecules  through  reactions  2  or  3.  A  fraction  of  this 
adsorbed  hydrogen  is  adsorbed  Into  the  metallic  lattice, 


^  M(H.J 


[4] 


This  adsorbed  hydrogen  diffuses  within  the  metal  and  eventually 
causes  embrittlement.  Many  theories  have  been  proposed  to 
explain  the  phenomenon,  e.g.,  the  pressure  theory,  the  adsorption 
theory,  the  decohesion  theory,  and  the  hydride  theory.’-® 

Different  approaches  have  been  proposed  to  mitigate  the  prob¬ 
lem.  either  by  the  use  of  inhibitors,®*'®  by  coating  the  surface  or 
^  elements  which  have  lower  diffusivities  for  hydro- 

^110  ■  inhibitors,  BTA  has  been  tested  on  iron*  and 

stee  in  strongly  acidic  media.  None  of  these  referenced  works 
dealt  with  the  mechanism  involved  in  the  inhibition  of  the  hydrooen 
absorption  process.  Further,  both  sets  of  results  produced  different 
conclusions.  For  instance.  Dull  and  Nobe®  found  that  the  efficiency 
^0*'  hydrogen  absorption  increases  signlfi- 
cant  y  with  the  rate  of  hydrogen  evolution,  whereas  Subramanyan 
efficiency  to  be  independent  of  the  extent  of 
cathodic  polarization  and  hence  of  the  rate  of  hydrogen  evolution 
These  measurements  were  obtained  in  unbuffered  and  stronqly 
acidic  media  where  BTA  is  known  to  be  less  efficient  as  a  general 
corrosion  inhibitor.®'  ^ 

I  ctive  here  is  to  explore  the  effect  of  BTA  on  the  kinetics 

of  the  hydrogen  absorption  within  Iron.  The  experimental  results 
were  obtained  in  a  buffered  acidic  medium  of  a  pH  at  which  BTA 
has  a  high  efficiency  as  a  general  corrosion  inhibitor.  BTA  is  wide¬ 
ly  used  as  a  general  corrosion  inhibitor  for  copper  and  Its  alloys®® 
and  to  lesser  extent  for  Iron  base  alloys. ®’  ®®^®® 


I  ec  rochemical  Society  Student  Member. 
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Experimental 

A  hydrogen  permeation  cell”-®®  was  used  to  measure  the  per¬ 
meability  of  hydrogen  through  iron  membranes.  The  cell  consists 
of  two  identical  parts  separated  by  the  metal  membrane.  Fig.  1. 
One  side  and  Its  associated  circuitry  were  used  to  generate  the 
hydrogen  charging  current  and  to  measure  the  potential  of  the 
charging  side  of  the  membrane  while  the  other  side  was  used  to 
monitor  the  diffusion  flux  of  hydrogen  through  the  membrane  by 
measuring  the  hydrogen  oxidation  current  at  the  exit  surface  of  the 
rnembrane.  The  charging  side  had  a  saturated  calomel  reference 
electrode  whereas  the  exit  side  had  a  Hg/HgO  reference  electrode. 
Both  sides  had  Pt  counterelectrodes,  which  were  separated  from 
the  solution  using  glass  frits.  The  exposed  surface  area  of  the 
sample  was  0.8  cm®. 

The  Iron  rnembranes  (0.025  cm  thick)  were  obtained  from 
Goodfellow  with  the  following  composition:  Mn,  0.3%  Si,  0.1%;  C, 
<0.08%;  S,  <0.05%:  and  the  balance  is  iron.  They  were  polished 
successively  down  to  600  emery  paper,  degreased  ultrasonically  in 
acetone,  annealed  at  900“C  for  2  h  In  pure  hydrogen,  and  furnace 
cooled  in  the  same  atmosphere. 

The  charging  solution  was  0.1  /VH2SO4  +  0.9  /VNa2S04  pH  = 
1.7  pe  solutions  were  prepared  from  analytical  grade  chemicals 
and  double-distilled  water.  They  were  pre-electrolyzed  at  3  mAfor 
24  h  in  external  cells.  All  solutions  were  continuously  deaerated 
with  pure  hydrogen. 


ceil  1 


iron  membrane 

i'  cell  2 


?*  Illustration  showing  (a,  top)  the  position 

Of  the  Iron  membrane  between  the  two  electrolytic  cells  and 
(b,  bonom)  the  boundary  conditions  imposed  on  the  mem¬ 
brane  by  the  two  cells. 
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Fig.  2.  Hydrogen  permeation  transients  obtained  at  different  BTA  concentrations,  at  a  cathodic  charging  current  of 
1.25  mA  cm"*. 


The  exit  side  of  the  membrane  was  coated  with  a  thin  layer  of  Pd 
using  a  commercial  electroless  plating  bath,  Pallamerse.  This  Pd 
layer  protects  the  exit  side  of  the  membrane  and  provides  a  cat¬ 
alytic  surface  for  the  oxidation  of  hydrogen.  The  exit  side  of  the 
membrane  v  polarized  anodically  to  +150  mV  (Hg/HgO).  The 
cuirent  was  ^  :.orded  until  it  decayed  to  a  constant  value,  normal¬ 
ly  below  0.2  p.A  cm"*.  The  solution  was  introduced  Into  the  charg¬ 
ing  side  of  the  cell  under  conditions  of  cathodic  protection  to  pro¬ 
tect  the  sample  from  corrosion  if  left  at  the  open-circuit  potential. 
The  permeation  current  (anodic  current  at  the  exit  surface)  was 
recorded  vs.  time  until  a  steady-state  permeation  current  was 
obtained.  The  cathodic  current  at  the  charging  surface  was  then 
increased  in  a  stepwise  fashion  after  reaching  a  steady  permeation 
rate  at  each  value.  Other  sets  of  experiments  were  conducted  with 
charging  electrolytes  containing  different  BTA  concentrations. 

Results  and  Discussion 

Figure  2  shows  typical  permeation  transients  obtained  at  a 
charging  current  density  of  1.25  mAcm“*  for  charging  electrolytes 
containing  different  BTA  concentrations.  The  permeation  current 
Increases  with  time  toward  a  limiting  steady-state  value,  /,.  The  fig¬ 
ure  reveals  that  the  permeability  of  hydrogen  through  Iron  decreas¬ 
es  with  increase  of  BTA  concentration.  Further,  BTA  shifts  the 
potential  at  the  charging  side  of  the  membrane  toward  more 
cathodic  values  to  an  extent  which  also  depends  on  the  BTA  con¬ 
centration,  as  shown  below.  Several  permeation  transients  were 
obtained  at  different  charging  currents  and  were  repeated  at  dif¬ 
ferent  BTA  concentrations. 

The  rate  of  proton  discharge  (reaction  1)  4  is  given  by 

i,  =  Kfc,C^.(l  -  e„)  exp[-^]  15] 

where  is  the  rate  constant  of  reaction  1,  Ch*  Is  the  hydrogen  Ion 
concentration,  is  the  degree  of  surface  coverage  of  the  mem¬ 
brane  with  adsorbed  hydrogen,  a  is  the  transfer  coefficient  of  the 
discharge  reaction  (Eq.  1),  q  is  the  cathodic  polarization,  Fis  the 
Faraday  constant,  R  is  the  universal  gas  constant,  and  T  is  the 
absolute  temperature.  The  rate  of  the  (Tafel)  recombination  reac¬ 
tion  (Eq.  2)  is  given  by 

/,  =  F/c,0*  [6] 


For  a  mechanism  of  the  HER  involving  coupled  proton  discharge 
(Eq.  1)-Tafel  recombination  (Eq.  2),  various  theoretical  treat¬ 
ments’**’*®  relate  the  steady-state  permeation  (4)  and  recombina¬ 
tion  (4)  currents  by 


t7al 


where  D  is  the  diffusivity  of  hydrogen  in  the  membrane  and  L  is  its 
thickness.  In  view  of  Eq.  6,  the  above  equation  also  can  be 
expressed  as 


FDj^ 

L 


I7b] 


Equation  7a  predicts  a  straight  line  relation  between  L  and 
/^where  4  =  4“  4.  Figure  3  shows  several  such  plots  at  different 
BTA  concentrations.  The  plots  show  satisfactory  straight  lines 
passing  through  the  origin  which  confirm  that  the  reaction  pro¬ 
ceeds  via  the  Tafel  recombination  and  that  the  permeation  rate  Is 
controlled  by  hydrogen  diffusion  through  the  membrane  and  not  by 
slow  kinetics  at  the  surface,  i.e.,  Eq.  4  is  in  local  equilibrium. 
Further,  the  slopes  of  the  straight  lines  decrease.  Indicating  lower 
permeation  currents  as  the  BTA  concentration  increases.  Ac¬ 
cording  to  the  above  equations,  a  decrease  in  the  permeation  cur¬ 
rent  may  be  brought  about  by  a  decrease  In  Oh  and/or  in  the  ratio 
knJk^i  which  is  the  equilibrium  constant  of  reaction  4.  This  indi¬ 
cates  that  BTA  either  decreases  the  coverage  of  the  iron  surface 
with  adsorbed  hydrogen  and/or  diminishes  the  rate  constant  of  the 
fonward  step  of  reaction  4.  In  principle,  a  similar  effect  may  be 
observed  if  BTA  were  to  increase  i.e.,  to  favor  the  reverse  step 
of  reaction  4. 

Figure  4  shows  the  E-log{/)  relations  of  the  HER  obtained  on  iron 
in  the  presence  of  various  concentrations  of  BTA.  Clearly,  BTA 
decreases  the  HER  rate  at  a  given  potential.  It  also  increases  the 
Tafel  slope  (2.3  RVolF)  from  120  mV  per  current  decade  for  the 
blank  electrolyte  to  146, 169,  and  169  mV  for  the  electrolytes  con¬ 
taining  1,10,  and  50  mM  BTA.  respectively.  These  plots  indicate 
that  the  rate-determining  step  of  the  HER  is  a  charge-transfer 
reaction  {i.e.,  proton  discharge,  reaction  1)  with  a  transfer  coeffi¬ 
cient  a  equal  to  0.5  for  the  blank  electrolyte  and  a  equal  to  0.35  in 
the  presence  of  10  m/WBTA.  Reaction  2  Is  excluded  as  a  possible 
rate-determining  step,  as  this  requires  a  Tafel  slope  of  only  30  mV 


0.00  0.01  0.02  0.03  0.0^ 


vr 

Fig.  3.  Plots  of  the  steady-state  hydrogen  permeation  cur¬ 
rent  {L)  vs.  square  root  of  the  recombination  current  (4)  at  dif¬ 
ferent  BTA  concentrations. 


O  Blank  tZO 
•  ImMBTA  140 

a  10  109 


Tafel  slope 

120  mV 


Table  [.Values  of  the  steady-state  permeation  current  /  and 

the  of  hydrogen  In  Iron  at  the  input  surface, 

C  ,  at  different  concentrations  of  the  BTA  at  a 
potential  of  -0.65  V  (SCE) 


[BTA],  mM 
0 
1 

10 

50 


L  (m-A  cm~^) 
2.17 
0.46 
0.24 
0.16 


C®  (mol  cm'®) 
4.7  X  lO’® 

1.0  X  10‘* 

5.0  X  10'® 
3.5  X  10'® 


IoB(  It ).  A  cm  * 


observed  here.  This  analysis 

of  Fig.  4  indicates  that  BTAalso  inhibits  the  HER  by  decreasino 
rate  constant  of  proton  discharge  (A,,  see  Eq.  5),  w  the  fraction  of 
ncovered  electrode  area,  which  becomes  (1  *-  e„  -  |n  nrin 
ciple,  a  sirnilar  effect  may  be  observed  on  a  decrease  In  Mie  rate  of 
recombination  (Eq.  2),  If  the  mechanism  of  the  HER  is  coupled  oro 
^®‘=°"’binalion  (Eq.  t  and  2)  wfth  bote  steps 
proceeding  at  comparable  rates.  The  increase  in  the  Tafel  slooe  is 
determined  solely  by  a  decrease  in  a  (Eq.  5).  ^ 

^  shows  the  relation  between  the  steady-slate  oerme- 
«nn2  f"*? ‘he  cathodic  potential  at  different  BTAconcenlra- 
awf '  I  *'’®  permeation  current  increases  at  more  neo- 

ative  (cathodic)  potentials  and  decreases  with  increasino 
concentration.  This  indicates  that  BTA  inSs  the  hvdronln 
absorptron  process  (reaction  4)  in  addition  to  its  effect  of  inhibifing 

teiour^'i^f®  hfnh  „h^h  f  'han  that  of 

*•  which  inhibits  the  HER  and  promotes  hvdrnnpn 

promoters  and  the  adsorbed  hydrogen  atoms  on  the  metal  surface 
iTtivalr®*  mechanism  Of  tWs  dSai 

anCdroge"ab?orZ" 


>  0.70 

tiS 


lug(  i-  ),  A  cm  * 

Fig.  5.  Steady-state  permeation  current  (/ )  i«  cathnHir^ 

potential  (-f)  at  different  BTA  concentrations. 


fion'c”  permeation  current  is  related  to  the  concentra- 

4  =  Foe’ll  J0J 

where  D  is  the  diffusivity  of  hydrogen  in  the  membrane  of  thickness 

®  calculate  the  values  of  C’  under  var- 

dXS  STiSw® '^®.  a 

Sle°'l  SftheTatee'*"’^  C»®"  ^evana'hannd® 

calomeUlectrode  (SCE)J  as  ffunctoJf^BTA^SnStrat^^^^ 
lot  ®°"“"‘rat'on  increases,  C”  decreases.  A  10  mW  BTA 
solution  decreases  C°  by  about  one  order  of  magnitude. 

Conclusion 

-  J!;®  P'f  ®"' sf’ows  that  BTA  is  an  efficient  inhibitor  for  the 
«nn  tJI  ?  ^  into  iron  and  also  for  the  hydrogen  evolution  reac- 

hA  rlm  °M^®  BTAconcentration  causes  an  Incroase “ 

polarization  and  in  the  cathodic  Tafel  slope  on  iron  It 

hAPAA  In  fh®  ^  ‘he  steady-state  permeation  curromand 

hence  in  the  concentration  of  hydrogen  in  the  metallic  tho 
adsorption  of  BTAon  the  iron  surfaci  leaSs  to  a  maJlled  de?relse 

L  m'-  H  hsrge  and  a  shift  of  the  surface  equilibri- 

urn  M  ^  H.b,)  toward  the  left  side  which  result*;  in  n 

mA^Lt^Th'"  ®°."“"'fetion  of  absorbed  hydrogen  withiri  thf 
inwh .  '®  °PP°e'‘e  to  that  reported  for  some  other 

[aa^  on®  ^  •h'ei'fea  which  inhibits  the  hydrogen  evolution 
affop  n^RTA  P''®™'®®  hydrogen  permeation.  The  spS 
and  anilys™."’^’'  ^  additional  measurements 
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